INTRODUCTION
Only few chemical substances in our environment and in consumer products are fully characterized for their toxicity. Developmental neurotoxicity (DNT) is currently the least examined form of toxicity, and is tested with OECD TG 426 (1) . A recently published survey reports testing of about 100 substances, mainly pesticides. Another study reported neurobehavioral risk assessment for 174 compounds (1, 2) . Apart from this small group, the majority of chemicals in our environment has not been tested for DNT (3) .
DNT is also one of the most difficult forms of toxicity to pinpoint, as it is not necessarily related to cell loss. A change in the overall proportions of neural cells in the nervous system suffices to alter its function significantly. Similarly, changes in positioning, organization and connectivity of any given number of neurons affect their network function. The resultant forms of DNT, such as behavioral problems and speech impairments are difficult to model in animals and in vitro systems (4) .
Only for a handful of chemicals such as some heavy metals (arsenic, lead, mercury), polychlorinated biphenyls (PCBs), solvents (alcohol, toluene), and a few pesticides, a clear association with human DNT has been shown in epidemiological studies (3, 5) . For about 100 additional chemicals, developmental toxicity may be inferred from animal studies (6) .
However, regularly drugs emerge that have passed extensive animal testing (including primate testing) and fail in clinical trials due to unexpected adverse effects. There is no reason to believe that for DNT these interspecies differences would be irrelevant. Moreover, the human nervous system is larger in size and complexity (e.g. pre-frontal cortex) than that of any other species and requires years to fully mature. It is therefore likely more susceptible to perturbation. Human cell-based DNT test systems avoid the need for species extrapolation. First attempts have been undertaken to model the neurobehavioral changes induced by DNT compounds by using in vitro tests (7) . Following the National Research Council (NRC) initiative on toxicology for the 21 st century (21c-Tox) new in vitro methods have been developed and may be assembled to a tiered battery of tests capable of improving the predictive value of toxicity testing with respect to human health (8) .
The advent of embryonic stem cells (ESCs) allows for the first time to develop novel test systems modeling early human neural development in vitro, thus enabling this aspect of DNT testing (9, 10) . It has been shown for murine embryonic stem cells (mESCs) that the differentiating cells followed the main stages and transitions of in vivo embryonic development (11) . When analyzing gene expression patterns underlying these events, it was shown that the differentiating mESC transit through a stage of neuroepithelial progenitors displaying characteristics of their embryonic counterparts, including polarity, Notch signaling, and appropriate timing of arising of neuronal and glia cells. By using embryo-oriented criteria during data analysis it emerged that differentially expressed genes included genes for primitive ectoderm, followed by gene signatures for neural progenitor development, neural induction and final terminal differentiation (12, 13) . While similar formal proof is lacking for human embryonic stem cells (hESCs), it is assumed that similar to mESC, hESC recapitulate human embryonic/fetal neural development. Accordingly, hESC are increasingly used to investigate human early embryonic development (14, 15) . For instance, disturbance of neural differentiation of hESC by retinoic acid (RA) resulted in similar morphological and transcriptional changes as observed during fetal development in vivo (16) .
To successfully use hESC-derived cells for in vitro assays for DNT, careful assessment of the test systems is crucial. This includes foremost a selection of endpointselective and training compounds, to test whether the system performs as expected, and to determine appropriate end-points, read-outs, and the dynamic range of responses of the system (6, 17) . The specificity, selectivity and the predictive value of a test system can only be determined after a set of compounds has been tested. We here summarize several considerations that may inform this nontrivial task.
NEURAL DEVELOPMENT AND EMBRYONIC STEM CELLS
The development of a complex vertebrate organism requires several tightly regulated and exactly timed processes. Particularly, the development of the sophisticated mammalian nervous system requires a precisely orchestrated sequence of key developmental events including proliferation, cell migration, patterning, apoptosis, cell differentiation, neurite outgrowth, synaptogenesis and pruning, myelination and neurotransmitter turnover (Figure 1 ).
The nervous system is composed of different cell types such as glial cells (e.g. astrocytes, Schwann cells) and different subtypes of neurons that are generated via differentiation of multipotent stem cells during development (18) . During the development of the nervous system, these processes are exquisitely time and regionspecific, and as neural tube closure proceeds both towards the anterior and posterior end of the embryo, similar region-specific processes occur in parallel at different areas of the embryo (19) . Thus, neural development is a tightly orchestrated continuum in which the same, as well as different, processes occur at different locations at different times or simultaneously, from the anterior (rostral) tip of the embryo to the tail (caudal) end. Since the establishment of the first murine (mESC) and human embryonic stem cell (hESC) lines, much effort has focused on establishing and optimizing neural differentiation protocols to generate different types of neural cells, for regenerative medicine and more recently, also for disease modeling (11, (20) (21) (22) (23) (24) . Differentiating ESCs recapitulated first neurulation, then anterior/posterior and dorso/ventral patterning, followed by neurogenesis and last gliogenesis, in a time line close to in vivo embryonic development, with similar wave-like gene expression patterns (11, 25) . For this reason, more and more stem cellbased differentiation systems are used to establish screening assays for drug discovery and toxicological studies (26) (27) (28) (29) ). These systems model several different aspects and stages of neurodevelopmental processes. One of the significant advantages of ESC-derived models is also the capability to model early neural development, i.e. the generation of very early neural precursor cells (NPCs) from ESCs. This allows studying toxicity mechanisms during the generation of these crucial cells, with almost pure populations of NPCs. In vivo, such detailed studies on generation of NPCs are complicated by the difficulty of identifying effects on very few cells within a quickly changing and developing early embryo. Mechanisms regulating the birth of early NPCs are therefore difficult to investigate in vivo.
THE ROLE OF "TOXICITY ENDOPHENOTYPES (TEP) AND KEY NEURO-DEVELOPMENTAL PROCESSES FOR THE CLASSIFICATION OF TOOL COMPOUNDS

The sequence of events connecting initial chemical insult with later behavioral phenotype
Chemical exposure during development is assumed to affect cellular and molecular structures. This would trigger biological processes leading to the impairment of one or several key neurodevelopmental processes (e.g. impaired migration or myelination) (Fig.1) . At later time points, when such processes themselves possibly play no role anymore in the brain, this may result in altered neuronal connectivity. Models for such changes in connectivity have been suggested in other clinical areas, and they may range from altered synaptic density to a disorganized brain structure (30). Such alterations would affect neuronal circuits, and thereby result in a clinically measurable phenotype (e.g. impaired cognitive ability), also termed "exophenotype" or "apical endpoint of toxicity" (Fig.2). 
Design of test systems, and their biological justification
The biological rationale for the use of in vitro test systems is that they model part of the sequence described above. A major challenge lies in linking the initial parts of this chain of events to the later ones. One potential approach is the use of defined molecular alterations, such as NMDA receptor function that may be traced through different levels of complexity (7) . Most frequently, test systems model the initial events. In these cases, the test system endpoints cannot and do not address the clinical phenotype. Instead, they use molecular and cellular endpoints that are thought to be important for the establishment of neuronal network function. It is important to distinguish this situation from the one in which the test system directly models a later event (e.g. disturbed neuronal connectivity). Such latter test systems do not model the originally disturbed biological processes, but their result in the developed brain ( Figure 2 ).
Another approach to link in vitro test systems to the final outcome of DNT may be based on the use of pathway-specific tool compounds or chemicals with wellcharacterized modes of action. Examples of such compounds are certain organophosphate compounds or PCBs (7) . Their actions may be followed in models of increasing complexity ranging from primary neuronal cultures to experimental animals. The effects in in vitro systems may be linked to alterations in connectivity, and these may be eventually linked to behavioral endpoints also relevant for man.
Description of changes in neuronal connectivity as toxicity endophenotypes (TEP)
Endophenotypes have been originally defined in psychiatry. We suggest here "toxicity endophenotypes (TEP)" (see Figure 2 ) as a similar, yet not identical, concept for DNT. In psychiatry, endophenotypes are considered as "measurable components along the pathway between distal genotype and disease". The definition excludes gross histopathological changes, but refers to changes in microanatomy, neuronal connectivity and neuronal physiology leading to altered neuronal network functions.
An endophenotype may thus be neurophysiological, biochemical, endocrinological, neuroanatomical, cognitive, or neuropsychological (including configured self-reported data) in nature. For practical reasons, they are linked to the methodology used for their measurement, and they have emerged as an important concept in the study of complex neuropsychiatric diseases (e.g. schizophrenia or autism) (31-34).
What can be gained by using the concept of TEP? Developmental neurotoxicity (DNT) usually results in a complex phenotype, comparable to complex phenotypes in psychiatric disease. In both cases, these complex phenotypes are difficult to link to the initial causes. The reason may for instance be that different initial triggers may lead to similar external symptoms. Moreover, the external phenotype is a combination of different symptoms that may have different underlying biological causes. The concept of endophenotypes has been used in the field of psychiatric disorders to avoid the problem of linking the complex "external" phenotype to underlying genetic changes. Instead of the external phenotype, more sharply defined endophenotypes have been used successfully to identify genetic associations. Prepulse inhibition (PPI) for instance is regarded as an endophenotype for schizophrenia (35) . With the help of the concept of endophenotypes, initial genetic risk factors such as neuregulin-1 polymorphisms have been related to this neuropsychiatric disease (36) . Similarly, specific language abnormalities are an endophenotype of autism, and they have been linked to the CNTNAP2 gene (37) . We propose to extend the concept of endophenotypes to the field of DNT, however with a slightly altered definition. It is suggested to define toxicity endophenotype (TEP) in DNT as "endogenous biological (anatomic, genetic, functional, neurochemical) changes resulting from the initial chemical adverse effect, and thus representing a link between chemical insult and complex phenotype".
TEP as link between behavioral endpoints and initial molecular events triggered by chemicals
The complex phenotype of DNT is a result of initial molecular and cellular biological processes triggered by chemicals which then lead to delayed and possibly stable alterations in brain structure or function, described by the TEP. TEP are conceptually similar to "changed neuronal connectivity", but they are defined more operationally by the method to identify them (e.g. MRI scanning, electroencephalography, histology). An example for a TEP may be disorganization of cortical layer IV. The biological basis for this may be disturbed migration at an earlier time point of development (e.g. by chemically disturbed integrin signaling), or an imbalance of cell death and proliferation (e.g. by anti-apoptotic activity of a chemical specifically pronounced in a particular cell type). Such processes are non-exclusive, and may be defined at multiple levels of biological complexity. The molecular and cellular changes underlying the biological processes, but not the complex phenotype itself, can be modeled in cellular test systems. Thus, the TEP and their underlying key neurodevelopmental biological processes represent the interface between test systems and expected human phenotypes.
Human DNT compounds identified by epidemiological methods need to be linked to TEP/biological processes and their underlying molecular and cellular changes in order to inform on the performance of a test system. Endpoint-specific tool compounds with known modes of action on defined biological pathways can be used to translate knowledge on TEP into useful test systems. They may also be used to identify toxicity pathways relevant for such models or to validate the reflection of such pathways by the models. The ultimate challenge lies in linking predictions from the test systems on unknown test compounds to their significance for complex DNT phenotypes. Potential paths towards this goal comprise large scale correlative efforts and the closing of the knowledge gap on the relation of model systems to relevant TEP and biological processes. In this context, it is important to note that there is a time offset of cause and effect in DNT.
Concepts related to TEP
Similar to TEP, other descriptions of intermediary effects are under discussion, and represent a dynamic area of current concept development in toxicology. The concept of pathways of toxicity (PoT) has its basis in the National Academy of Sciences report on a new vision for toxicology of the 21 st century (38) (39) (40) . The concept of PoT focuses strongly on cellular and molecular changes resulting from chemical injury. The extrapolation to complex neurobehavioral readouts is not yet clear, but the concept promises a very comprehensive coverage of many different toxicity domains. The OECD operates with the concept of adverse outcome pathways (AOPs), which has been elaborated in great detail especially in the area of ecotoxicology (41) , but also for neurotoxicology (42) . The concept is quantitatively more elaborate than the simple construct of TEP, and it has already been used to link chemical target effects via intermediate actions to disturbances of whole ecosystems. PoT and AOP concepts have been designed to model the unidirectional linkage from chemical molecular changes to more complex cellular or organismal disturbances. Endophenotypes have been historically used to work backwards (in the opposite direction), to identify molecular causes for complex pathologies. In the context of test system definition and tool compound selection all approaches have their merits. The concept of TEP is the simplest approach, and in contrast to AOPs and PoTs, it will not be useful for quantitative predictions. However, it provides a particularly strong focus on the issue of intermediate system changes between molecular events and apical toxicity endpoints, and it directs the attention particularly to the importance of the time offset component in such changes.
PROMISING ENDPOINTS FOR IN VITRO DNT TESTING
Gene expression is one of the most commonly used endpoints to detect effects of compounds on stem cells differentiating into neural cells (16, (26) (27) (28) 43) . Gene expression after exposure to methylmercury was also used to investigate the later stages of neuronal maturation that include establishing the appropriate neurotransmitter balance and development of the dopaminergic system. As reported previously (7, 44) , gene expression endpoints and functional readouts were correlated to molecular changes and neurobehavioral effects known from in vivo models (45) (46) (47) . Other important targets of neurodevelopmental toxicity, such as differentiation of cells, neurite outgrowth or migration of neural progenitor cells have also been successfully modeled in vitro (48-53). Such functional endpoints could be used as the endpoints of choice when establishing new in vitro toxicological screening assays.
To be able to implement these important mechanistic endpoints in the test systems under development, it is very important to know detailed characteristics of the system such as gene expression profiles, which biological process one should/can model, and which biological and molecular pathways are present and functional in the in vitro system chosen.
GENERAL PRINCIPLES FOR DEVELOPING AN IN VITRO MODEL FOR DNT
Biological characterization of the system prior to training compound choice
One central characterization approach involves a careful characterization of gene expression profiles in the cell culture system over time. Data on gene expression profiles during the differentiation process will not only verify that the differentiation process proceeds according to expectations, but will also set the stage for identification of useful markers to analyze during training compound testing. One may attempt to define the time point at which the culture transits through a stage of highly enriched neural precursors, when the culture is in the process of developing neuronal/glial precursor cells or when the culture is beyond the branching point between neuronal and glial development. Gene expression profiles may be particularly valuable if they are correlated to defined biological processes (25).
Key neurodevelopmental processes that can be modeled in vitro 6.2.1. Cell division, cell death and proliferation
Stem cell cultures differentiating to more mature/specialized cell types will progress in a dynamic manner towards states of advanced and/or terminal differentiation. During this process, the cells will change their chromatin to enable transcriptional access to genes specific for the stages they are transiting through, and they will also divide several times. Later on, depending on their stage of differentiation, different processes like e.g. cell death may take place, cell division will slow down and cellular events resulting in expression of lineage-specific genes determining the cell type will take over. During corresponding in vivo processes, neuronal precursors migrate to their destination and acquire the phenotype of a particular neuronal lineage. At this stage, many of the arising neurons are subjected to massive cell death (54, 55) . As cell death can also occur in vitro during the neurulation stage, there can be strong cell division without any notable overall increase of cell numbers/mass (56).
It is therefore crucial to chose appropriate readouts, as for example population measurements using resazurin reduction can only inform about total viable cell numbers, but not exact proportions of subpopulations. Effects of compounds resulting in the targeted death of certain subpopulations may not be appreciated in the global population with such classical toxicity read-outs due to compensatory growth/proliferation by other cells. For example when injected into 1 month old rats, methylazoxymethanol (MAM) killed only dividing cells in the brain but enhanced survival of progeny, resulting in generation of more neurons, through increased survival of new-born granule cells (57) . A skewing towards one population or the other may be better detected by skewing of marker gene expression. Moreover, it needs to be noted that cell death mechanisms of developing neurons are different from those found in adult cells (58).
Migration
Cell migration is a crucial feature of neural development. CNS and PNS progenitor cells have to migrate along defined paths in a strictly timed manner to guarantee correct neural development (59, 60) . This is accompanied by dynamic processes such as reorganization of the actin cytoskeleton and membrane compartments, rearrangement of the extracellular matrix (ECM) and cell junctions, and detachment/reattachment via adhesion molecules. Also, the cells have to be able to sense gradients of chemoattractants (e.g. CXCR4) or repellents (e.g. Sema3A). For this, the cells have to express the corresponding receptors at the appropriate time. Once the signal has been sensed, it has to be translated into a cellular response. In the case of migration, this is mainly done via members of the Rho family of small GTPases such as Rac, Rho or Cdc42, resulting in a reorganization of the actin cytoskeleton including actin polymerization, contraction via interaction with myosin and adhesion to the substrate, among others via integrins (61, 62) . All these biological pathways can provide useful targets for tool compound selection when establishing an in vitro assay (for detailed reviews on cell migration during development see Kurosaka and Kashina, 2008 and Valiente and Marin, 2010 (59, 63).
Differentiation
The exact mechanisms involved in differentiation will be different from system to system, and even from cell type to cell type, but generally important signaling pathways have emerged. Some pathways that are important during early differentiation of ESCs to neural lineages include: BMP signaling repressing neural fate, Wnt signaling pathway affecting neural fate at most stages of neural development, Notch signaling, fibroblast growth factor-2 (FGF2) signaling to support neural stem cells formation/survival, and morphogens such as retinoic acid (RA), sonic hedgehog (SHH) and FGF8 to define anteriorposterior and dorso-ventral identity of neuronal subtypes (15, (64) (65) (66) (67) (68) (69) .
During the differentiation process, changes in mRNA expression go hand in hand with changes in the epigenetic profile, changes in micro RNA (miRNA) expression, and changes in metabolic profiles (70-72). Of particular interest are recent studies analyzing mRNA profiles during differentiation in the presence of toxicants (26, 28) . Also of interest is a recent study identifying changes in metabolites during differentiation of ESCs in the presence of defined toxicants (73) .
The populations generated in differentiating cultures may not at all stages display the same sensitivity to a chemical or signaling cue for lack of receptor expression, incomplete expression of signaling pathways, and/or incomplete expression of effector pathways. For instance, BMP2 triggers largely different responses at different phases of neuronal development (74) . Also, differentiating cells may be more sensitive to certain compounds than their fully differentiated progeny. For example, methylmercury and lead trigger fetal neurotoxicity at concentrations not affecting the mother. Accordingly, when methylmercury in vitro toxicity was compared between developing neurons and fully differentiated neurons within the same ESCderived system, EC50 concentrations of methylmercury cytotoxicity were 60 nM for developing neurons while for fully developed neurons the EC50 was as high as 9.5 µM (44) . Another difficulty of stage-specific toxicity is species extrapolation. For instance, postnatal days 1-10 in the rat correspond to the last trimester of human pregnancy (75) . Similar data on in vitro systems are still sparse.
While several studies have addressed the inhibition of neuronal differentiation, less is known about chemical effects on gliogenesis. As the transcriptome of different types of glial cells is well characterized (76) (77) (78) , and protocols for the generation of glia cells from ESC are emerging (79), more information on this process is expected in the future.
Neurite outgrowth
In the case of neuronal development, once progenitor cells have reached their target site they have to differentiate to fully mature neurons and generate the complex neurite network that is characteristic for the highly developed mammalian nervous system. Neurite outgrowth relies on intrinsic (e.g. expression of receptors) and extrinsic factors. An important extrinsic aspect is the interaction of the differentiating cells with components of the extracellular matrix (ECM) as well as with other cells such as glial cells via cell adhesion molecules (CAMs) and integrins (80) (81) (82) . Similar to the processes already described for cell migration, gradients of attractants and repellents are sensed by the growth cone of growing neurites, leading to actin reorganization via GTPases and directed growth of the neurite. It has been proposed that the signals from the ECM or extracellular guidance cues resulting in neuron polarization converge at the level of GSK3 (83) . Similar to cell migration, neurite outgrowth and polarization include multiple pathways that could be targeted by chemicals and tool compounds (47, 53).
Synaptogenesis
The mammalian brain comprises 10 11 neurons, which are connected to each other by up to 10 15 synapses (84). After the axonal growth cones have reached their targets, functional synapses have to be established. The process of synapse formation, called synaptogenesis, can be broken down into two major stages. First, initial contact is made between the two cells, and synapses are formed. Next, synaptic connectivity is fine-tuned by eliminating (pruning) as well as strengthening of synapses. For this, the synapse-forming and synapse-receiving cells exchange signals and initiate the second step of synaptogenesis. Dendrites as wells as axonspecific protein complexes (active zone proteins, synaptic vesicle proteins) are recruited to the initial contact site and a functional synapse is formed (85, 86).
COMPOUND SELECTION STRATEGIES
Selection criteria
Different sets of tool compounds need to be selected depending on the aim of the assay one would like to develop. Thus, it is important to distinguish: (a) the initial setup of an assay, (b) the testing of assay function, (c) validation/blinded testing of the developed assay, (d) a biomarker identification study, or, (e) a validation study for the identified biomarkers. Compounds used for assay establishment have also been called "endpoint-specific controls" (6) . Compounds, evaluating the performance of the assay after its establishment may accordingly be termed "training set", and a "testing set" would be used to examine how far the assay response reflects the human or animal data. In most parts of this review, selection criteria for (a) and (b) are proposed:
• The list of reference compounds should cover a range of chemical classes. The type of classes depends on the assay in development e.g. a screening assay for pharmaceutical industry should include drugs as tool compounds. If an assay is developed to test environmental toxicants inclusion of metals and pesticides is advisable.
• Ideally, the information on the toxicity profiles of the chosen substances should be comprehensive, providing human and animal data, mechanistic information, and data from other test systems (e.g. derived from PubChem, ACTOR [http://actor.epa.gov/actor], or the OECD eChemPortal [http://www.echemportal.org]).
• Knowledge about the underlying toxic mechanisms should exist or hypotheses about the mode of action and the biological process affected should be deducible from scientific literature.
• This mechanistic knowledge should be, at least partly, derived from other in vitro tests using e.g. primary neurons, stem cells, neuronal cell lines (e. g. PC12, SH-SY5Y), or mechanistic test systems. If no in vitro information is available, potentially confounding factors (biokinetics, metabolism, indirect toxicity) need to be considered.
• During the first phase of assay development, compounds that need metabolic activation should be excluded. Later in assay development such compounds and their pairing metabolite (see below) should be included to define the assay characteristics.
Tandem Approaches
In order to assist the evaluation of a new in vitro test system so called "tandem approaches" may be useful to test particular aspects of the developed assay. These approaches are based on relative comparison rather than on the use of absolute positive and negative controls.
Substance tandems
Toxicity is always a matter of concentration. At sufficiently high concentration even sugars become toxic. The substance tandem approach is based on pairing of a toxic compound with a non-toxic, or less toxic, chemical analogue to evaluate their relative differences in the test system. This then allows assessing the specificity of the test system, as it should detect the relative difference in toxicity. This approach also avoids the need to define absolute potencies and toxicity thresholds for ranking of compounds according to their toxicity. Instead, compounds are ranked relative to each other.
This concept has been successfully applied for valproic acid, a known developmental toxic compound, and different structural analogues (87) . Similarly, this concept might be applied in metal toxicity. Mercury may be paired with other metals known to be less toxic to the developing nervous system, e.g. MgCl 2 . Additionally, chemically related compound pairs such as n-hexane and 3-methylpentane, a chemically related isomer, that does not form the toxic metabolite 2,5-hexanedione, can be used. This tandem would require metabolic activity, which will be discussed later in detail.
Cell type tandems
Similar to the substance tandem concept, a sensitive cell type may be compared to a resistant cell type. If one cell type does not express certain receptors or pathways which are known to be triggered by a chosen substance, this cell will expectedly be resistant to the effects of the substance tested. Particular subtypes of neurons (e. g. dopaminergic neurons) might be more vulnerable to certain toxicants than others. For reference compounds such as manganese or 1-methyl-4-phenylpyridinium (MPP + ) two subtypes of neurons (e. g. sensitive dopaminergic vs. less sensitive GABAergic neurons) can be compared. A GABAergic neuron will not die upon exposure to MPP + as it does not express the dopamine transporter required to internalize it, whereas a mature dopaminergic neuron should die, as it expresses the dopamine transporter. Such a set-up allows specifying the most appropriate read-outs to provide the most sensitive information about toxic effects. One way to conveniently generate such cell type tandems for mechanistic studies is the knock-down of presumed targets by small interfering RNAs.
Tandems of compounds in different oxidation or aggregation states
Especially for neurotoxic metals such as manganese, aluminum, or lead, the ionic state (valence state) of the neurotoxin might be relevant. Therefore, manganese(II)chloride (+2 valence state) might be paired with manganese(III)acetate or manganese(IV)phosphate. This pairing procedure might identify the cellular/molecular targets (e. g. transporter systems, ion channels, other membrane structures) underlying the toxic effects of the particular metal species. Important examples are also metal-based nanoparticles that may be compared to the same metal in soluble or large particulate form.
Limitations of in vitro tests due to metabolic effects, different defense mechanisms, and indirect effects 7.3.1. Metabolism
Metabolism of xenobiotics usually serves detoxification in the organism, but for some compounds metabolism generates neurotoxic metabolites. This process can take place either in non-neural tissue (e. g. the liver) but also in the brain. Thus, in vitro test systems lacking metabolizing activity can overestimate or underestimate the toxicity a compound would have in vivo. This is a known problem for test system design and has to be taken into account when choosing appropriate training compounds.
A standard compound used in the field of in vivo neurotoxicity, MPTP, exemplifies this. Upon injection into animals, MPTP crosses the blood brain barrier (BBB), and is metabolized within the brain by the astrocyte enzyme monoamine oxidase B (MAO-B) to generate the neurotoxic compound MPP + . MPP + can then be taken up into dopaminergic neurons via dopamine transporters. MPTP is not neurotoxic in systems that lack the above-mentioned metabolic capacity (92, 93).
On the other hand, there are also compounds which cause no neurotoxicity in vivo, but are neurotoxic in vitro. One such example is the metabolite of MPTP, MPP + . While MPTP easily crosses the BBB in vivo, MPP + cannot reach the neurons in the brain, as it does not cross the BBB. Injected into an animal, it would not be neurotoxic. However, in an in vitro system containing dopaminergic neurons expressing the dopamine transporter, it will be highly toxic.
Another example of a compound being toxified by metabolism (hepatic) is the neurotoxic metabolite of nhexane, 2,5-hexanedione. Hexane itself has certain anesthetic properties, but cannot be expected to show specific neurotoxicity in stem cell-based DNT test systems lacking the metabolizing capacity of liver cells. Other relevant examples of metabolized compounds include parathione (metabolized to paraoxone), statins in their lactone form (bioactive only as carboxylic acids), heroine (deacetylated to morphine), and retinol (active as retinoic acid).
Biological Barriers
There are several in vivo defense mechanisms such as the blood-brain barrier (BBB), the placental barrier (PB), the binding in blood (e. g. to erythrocytes as known for bromide, cyanide), or to other non-neural tissue (e. g. fat deposits), or the sequestration of compounds by metallothioneins (e. g. cadmium). On the other hand, there are also specific defense mechanisms in hESC, such as high expression of the multidrug transporter ABCG2 that protects the cells against xenobiotics (94) . In both instances, the active site concentrations are hard to compare between in vivo and in vitro systems. In extreme cases, this might lead to situations as described above for metabolism. Loperamide, for instance, is an opioid receptor agonist widely used as antidiarrheal agent. However, its central neuronal effects are irrelevant in vivo because it does not cross the BBB (95). Thus, compounds of known action that are not neurotoxic or do not trigger DNT in vivo may still provide good positive controls for in vitro systems, where such biological limitations do not exist.
Indirect toxicity
When selecting compounds for an in vitro DNT assay, one has to distinguish direct from indirect toxic effects. In vivo, DNT may be triggered by many indirect effects. Maternal toxicity may affect the developing fetal brain. Toxicity to the thyroid, placenta or to functions important in feeding might adversely affect pre-and postnatal neural development. Indirect toxic effects may also be caused by interferences of chemicals with oxygen or glucose supply of the developing brain and the subsequent effects of these events on the developing neural tissue. Interferences with glucose circulation and the subsequent transport into the brain have been observed for neurotoxins like dichloroacetic acid and some compartments of the brain seem to be more vulnerable for this indirect mechanism (e. g. some thalamic nuclei) (96) . Many astrocyte-specific toxicants affect energy metabolism (fluoroacetate, 6-aminonicotinamide, fluorocitrate). This can lead to secondary neurotoxicity. Other compounds affect oligodendrocytes or blood vessels, and trigger indirect neurotoxicity, that may be region-specific. A particularly interesting example is the insecticide fipronil which shows developmental neurotoxicity and notochord degeneration in zebrafish at high concentrations (0.7-1.1 µM). The hypothesis is that a block of glycine receptors leads to muscle cramps that are so strong that they damage the notochord. Thus, non-neural cells/organs are involved in the developmental neurotoxicity (97) . Substances known to act predominantly via such indirect mechanisms are not suitable for the validation of any in vitro test systems.
TWO DIFFERENT CONCEPTS TO SELECT TOOL COMPOUNDS
"Gold standards" vs. "mechanistic tool compounds"
Work on the compilation of the reference compound list contained herein started with a bibliographic search for suspected developmental neurotoxins. Sources were: Grandjean While not much structured information is available on targeted compound selection for DNT, some literature is available on principles of compound selection itself. For instance, several EU-funded research consortia describe their procedure of compound selection in the area of carcinogenesis or reproductive toxicology (101, 102) . These compilations are based mainly on information available from animal studies. A similar approach has been taken for the selection of DNT compounds and for selection of compounds in the ToxCast program (6, 103) .
More recent studies focus on the identification of pathways of toxicity (PoT). The identification of pathways that are affected by specific toxicants is expected to enable the targeted identification of biomarkers (38) . Accordingly, the use of compounds known to interfere with pathways expressed in the experimental system (endpoint-specific controls), has been recommended by the DNT2 and DNT3 conferences as initial step of system characterization (6, 104) . The approach using specific pathway inhibitors should be complemented by the use of a set of unspecific toxicants to determine overall assay characteristics (17) .
At present, two approaches for compound selection seem useful:
A. Use of compounds that are known to trigger DNT. These may be called "gold standard" compounds if the information is relevant to human, or if there is compelling evidence from several other DNT assays.
B. Use of compounds that are known to disrupt cellular processes that would be relevant for DNT, these could be called "mechanistic tool compounds".
The advantage of using gold standard compounds is their toxicological relevance, as their role in human DNT has already been proven by epidemiological studies. Furthermore, the results obtained with the in vitro assay can be linked to existing knowledge in the human context. Such an approach has already been used successfully for the development of skin and ocular toxicity in vitro tests as well as in the field of reproductive toxicology.
The disadvantage of the gold standard compound approach is that in contrast to ocular and skin toxicity, only few DNT compounds are known. In ocular and skin toxicity testing, several hundred compounds are available and thoroughly characterized with traditional test systems. For reproductive toxicology, the number of compounds is smaller, but still sizable. For DNT, however, the very small number of known compounds leaves little choice. Moreover, none of the compounds is thoroughly characterized as to its mechanism of action. It is not known whether they can indeed be used as positive controls to assess perturbation of certain cellular processes. For example, it is not known, whether ethanol affects neural stem proliferation, migration or neurite growth. Its in vivo effect in humans may be perfectly explained by effects on differentiation of certain precursors. In assays modeling other stages or mechanisms of development, it could be used as a negative control compound. Another example is warfarin. This drug is developmentally toxic as it causes bleedings through anti-coagulating activity. It may serve as negative control in most cellular assays, as these are likely not to have a target for warfarin. Another disadvantage is that most known DNT compounds are non drug-like (mostly metals).
When using mechanistic tool compounds, the confidence to have a real positive compound within the context of the assay would be high, because the compound was chosen to exert a defined dysregulation. Transcriptional and other biomarkers could be related to known biochemical effects of the compounds. The separation between cytotoxicity and a specific effect may be good, as drug-like compounds with low general cytotoxicity can be chosen. Such compounds would be drugs or at least drug-like organic chemicals.
The major disadvantage is that it is unclear whether signaling disturbances are specific for DNT, and what the relevance of the compound is. Therefore, an intermediate solution would be to start with mechanistic tool compounds disrupting cellular processes that are known to be relevant for DNT, to better define assay characteristics. Then, one could proceed with a comparison of effects on cells that are not relevant for DNT (e.g. fibroblasts) to eliminate unspecific compounds. Finally, utilize some gold standard compounds that are known from other assays to trigger DNT, and that are expected to affect the biology relevant for the test system to be established, considering criteria defined in chapter 7.1 and 8.2.
Notes on technical and practical aspects in compound selection 8.2.1. Chemical properties of compounds
One consideration not to be neglected during the compound selection process are chemical properties of the compounds such as solubility and volatility. Cell culture systems are water-based, incubated at 37º C, usually in 20% O 2 and 5% CO 2 and are buffered to remain at physiological pH. Organic compounds that are not watersoluble may therefore cause problems since it cannot be guaranteed that once dissolved in water (even if solubilized in DMSO before) they will not precipitate or separate from the aqueous phase in other ways. Another problem often not considered are highly volatile compounds that may not stay in solution at 37ºC, such that the exposure concentration is uncertain. Examples are toluene, ethanol or hexane.
Also, there is an absolute requirement for a solvent control. Most ESC differentiation protocols are exquisitely sensitive to even slight changes in media composition, and the addition of, under other circumstances negligible amounts of a solvent such as DMSO, may impact the differentiation process. DMSO has been shown to trigger differentiation in vitro at low concentrations (105, 106) . Accordingly, effects of addition of DMSO to the differentiation process should be evaluated.
To minimize the number of different solvent control cultures, it is advisable to only use compounds which are either soluble in DMSO or in cell culture medium during the initial phase of assay development.
Concentration-dependence
The essence of toxicology is that all its approaches, methods, systems and conclusions are strictly concentration-dependent. In other words, there might be a low-level biological response that gradually increases to the cytotoxic concentration comparable to the lethal dose in animal tests. Different concentrations of compounds might not only have quantitatively different effects, also the quality of the effect, the target and the mode of action may be entirely different at different concentrations.
Different modes of action at different concentrations
In toxicology, chemicals are often classified by their (a) target organ (e.g. nephro-or hepatotoxins) or (b) by their mode of action (e.g. AChE inhibitors). In pharmacology the 'mode of action' (MoA) approach is even more pronounced since drugs are usually developed for specific biological targets and the dose/concentration should only affect the magnitude of this specific effect without any qualitative shift. For the initial setup of a test system, compounds with distinct biological targets and MoA are useful to provoke specific effects.
There are three concentration-related general principles of using compounds in test development:
• compounds can be used for specific purposes at one or more concentrations, but not at every concentration,
• compounds can be used for different purposes at different concentrations,
• only the combination of compound + concentration allows a meaningful conclusion.
Although test compound lists are provided, these are only meaningful in certain concentration ranges. E.g. MeHg will be cytotoxic to every cell type at high concentrations, whereas specific DNT effects will only be observed at low concentrations.
PRACTICAL SELECTION OF COMPOUNDS
As already mentioned above, different types of compounds have to be selected for different assays and 
Valproic acid over 800 mg/l (= 500-1000µM) HDAC inhibitor; affects cell cycle, Wnt signaling and other processes; neural tube defects and reduced IQ (124) (125) (126) a) Human exposure measurements are often poorly documented, and relevant brain concentrations only scarcely available. For a rough orientation, different dose and concentration data are given as examples. More primary data and better kinetic modeling are necessary to obtain better estimates of target concentrations. If ranges are given, the lower number indicates the lower range of human sensitivity with respect to DNT, the higher number indicates typical concentrations that show adverse effects in most cases b) Calculated for methylmercury even for different phases during the development of one specific assay (6) . In general, all assays should be evaluated at some stage with the following 4 classes of compounds, to enable interpretation of the effects measured with the assay.
Known DNT compounds
Only a handful of substances is known to impact on human neurodevelopment, namely methylmercury, arsenic and lead compounds, ethanol, toluene, polychlorinated biphenyls (PCBs) (3). These compounds can be helpful during assay development. Due to epidemiological studies in humans, including careful measurements of target tissue concentrations, they can provide useful insights into the assay performance, and allow extrapolations from the in vitro assay to the in vivo situation (44) . In addition to known human DNT compounds, substances that have been shown to impact neurodevelopment in animal systems can be used to broaden the possible spectrum of compounds. However, extrapolations to the human situations have to be made carefully. When using these known DNT compounds, it is of great importance to know the mode of action and to obtain information on whether the target or pathway affected by the compound is present in the system. For instance compounds that disrupt thyroid function or that damage the micro vessels are potentially causing developmental toxicity in animals (and man), but they may not be detected as toxic in an in vitro test system. Examples are summarized in Table 1 . These "gold standard" compounds can provide information particularly on assay sensitivity, as the human relevant concentrations are known.
Negative controls
An important class of compounds often not considered, are negative control compounds. Such compounds are needed to evaluate the specificity of a given assay. One class of good negative compounds would be compounds which are not expected to have an effect on the cellular system utilized when administered at high concentrations. These include e.g. sugars such as mannitol or sorbitol. Substances such as ascorbate and penicillin G, used as negative compounds in several reports should be avoided, as both impact on differentiation (107-109). A second class of possible negative control compounds includes compounds with a known mode of action and target. After having checked carefully for the absence of the target of the potential negative compound these compounds can serve as ideal negative controls. Such compounds could also include known DNT compounds like cyclopamine, depending on the type of assay.
The exact differentiation protocol conditions and all additives have to be considered carefully for the choice of negative compounds, particularly if bioactive molecules are added as part of the differentiation protocol, such as morphogens and cytokines. A list of possible negative control compounds is compiled in Table 2 .
Pathway specific tool compounds
Due to the lack of many well characterized known DNT compounds, the first step when establishing an in vitro test system for developmental neurotoxicity is to use compounds targeting pathways known to be important for neurodevelopment. Such compounds can be used as endpoint-specific controls, as defined earlier (6) . Again a special focus has to be on pathways that are relevant in the system used.
Cyclopamine is a good example for a compound that might be used in a particular assay as positive control, if the assay is depending on sonic hedgehog signaling, while in another assay it could serve as negative control. Cyclopamine is a naturally occurring alkaloid affecting neural development by disrupting patterning gradients at a very precise moment of gestation. In lambs, when ingested on the 14 th day of gestation, this alkaloid induces severe (110) . However, when taken up earlier or later, no adverse effect can be detected. Other important pathways include Wnt, Notch, retinoid, MAPK/ERK and FGF signaling. Also, more general cellular functions, such as cytoskeleton rearrangements, might be useful targets for assays which assess cell migration or neurite outgrowth.
Other biological processes important for cell differentiation are epigenetic pathways, such as histone modification (e.g. acetyl-, methylation), DNA methylation or chromatin remodeling. Therefore, compounds interfering with these processes such as valproic acid, trichostatin A or 5-azacytidin might also be good pathway-specific tool compound (111) . Some useful pathway specific tool compounds can be found in Table 3 .
Generally cytotoxic compounds
The strength and uniqueness of in vitro test system for developmental neurotoxicity as discussed in this review is the identification of chemical effects on normal neural differentiation, and of disturbances that affect cellular morphology and function, but not overall survival. Identification of simple cytotoxicity can be achieved with easier and cheaper systems, and cytotoxic effects must be mostly regarded as artifacts for assays as discussed here (17, 53) . Consequently, effects of cytotoxicity need to be distinguished from "real" prenatal neurotoxicity or developmental neurotoxicity. Therefore, general and unspecific cytotoxic compounds such as cytostatic drugs (e.g. 5-FU), detergents or inducers of apoptosis like staurosporin should be included in the initial compound list. As cytotoxicity can affect the transcriptome (e.g. upregulation of apoptosis-related genes like CASP3, or of other stress markers such as heme oxygenase), genetic markers triggered by unspecific cytotoxicants may be used later on to discriminate between pure cytotoxicity and specific developmental neurotoxic effects of compounds. Also, selection of this class of compounds requires great care and adaptation to the respective assay and purpose. In many cases, compounds killing cells by excessive production of reactive oxygen species or by blocking energy regeneration may be considered non-specific. However, there are examples where oxidative stress controls neurodifferentiation or specifically affects a (dopaminergic) subpopulation of immature human neurons (112) (113) . Also, apparently unspecific mitochondrial toxicants show specific effects on defined neuronal subtypes, and mitochondrial respiratory chain inhibitors affect e.g cardiac differentiation (114) (115) .
Generally-cytotoxic compounds with diverse mode of action are compiled in Table 4 .
PERSPECTIVE
As faster and cheaper approaches are required to test drugs and other chemicals for their neurodevelopmental hazard, there is an urgency to develop new alternative assays to circumvent the bottle neck of the established animal-based test systems. As cellular in vitro test systems, including models based on hESC and their progeny, promise to provide biological relevance to human toxicity testing, it is crucial to carefully design, characterize and evaluate such assays. The most straight-forward approach is the use of chemicals with known activities in animals and man to examine the quality and predictivity of such new in vitro tests. Work on the selection of such chemicals has shown that the available in vivo information is often limited, and in most cases, it is not sufficient at all to define expected modes of action in vitro. Thus, it appears as if more in vivo work will be required to characterize compounds required for the development of in vitro methods. In the absence of such information, an alternative scientific solution may be the extensive characterization of compounds for their biological activity in a battery of quality controlled in vitro assays. This information may then be used (a) to define focused animal experiments to test the predictions from the test battery and to obtain proof of the relevance of the selected tool compounds, and (b) to evaluate the predictivity of further assays with the help of such a collection of chemicals, characterized extensively for their in vitro modes of action. 
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